Pseudomonas cepacia mutants deficient in either 6-phosphogluconate (6PGA) dehydratase (Edd-) or 2-keto-3-deoxy-6phosphogluconate (KDPG) aldolase (Eda-) failed to utilize glucose or gluconate despite the prominence of 6-phosphogluconate dehydrogenase (6PGAD) in this bacterium and the potential for utilizing the pentose shunt suggested by its growth on ribitol and xylose. The Eda-strains grew normally on glucuronic acid, indicating that in P. cepacia its degradation does not depend upon KDPG aldolase as it does in Escherichia coli. Both 6PGA dehydratase and KDPG aldolase were inducible enzymes, with 6PGA rather than gluconate the apparent inducer. Edd-as well as Eda-strains were sensitive to growth inhibition by glucose, gluconate, fructose, and related carbohydrates when these substrates were present in combination with alternate carbon sources such as citrate or phthalate, presumably as a consequence of accumulation and toxicity of 6PGA, KDPG, or both. Edd-mutants were somewhat less sensitive to such inhibition than were Eda-strains. Certain derivatives of the Edd-strains we examined were able to utilize gluconate despite their deficiency of 6PGA dehydratase. Such mutants formed higher levels of 6PGAD than did the wild type. It is likely that the elevated levels of 6PGAD in these strains prevents accumulation of toxic levels of 6PGA that would otherwise result from a block in the Entner-Doudoroff pathway. The results suggest that P. cepacia can mutate to grow slowly on gluconate utilizing only the pentose shunt.
Pseudomonas cepacia is the most nutritionally versatile of the pseudomonads. Underlying its biochemical versatility is a more complex assortment of catabolic enzymes than is found in other bacteria (1, 2, 14, (25) (26) (27) . Like other pseudomonads, P. cepacia degrdes glucose via two routes, the direct oxidative and phosphorylative pathways, which converge at 6-phosphogluconate (6PGA) and lead into the EntnerDoudoroff pathway. However, the complement of glucose-degrading enzymes in P. cepacia differs from that in other pseudomonads in a number of respects. One is the prominence of 6PGA dehydrogenase (6PGAD) (EC 1.1.1.43) in this bacterium. Most pseudomonads lack significant levels of this activity (3, 20, 21, 23, 24) , suggesting that the pentose shunt does not play an important role in dissimilation of glucose or gluconate. In contrast, extracts of P. cepacia contain high levels of this activity, implying that the pentose shunt might share a significant role in 6PGA dissimilation with the Entner-Doudoroff pathway. The atypical presence of 6PGAD is compounded by the fact that there are two species of this enzyme which differ in pyridine nucleotide specificity and regulation (10, 14) . The occurrence of these two enzymes along with a corresponding set of glucose-6-phosphate de- hydrogenase isoenzymes is a unique feature of the glucose degradation pathways in P. cepacia and, as described in this paper, in P. marginata.
We report here the results of mutant studies which were undertaken to help define the relative importance of the pentose shunt and Entner-Doudoroff pathway in P. cepacia. The data suggest that the pentose shunt and EntnerDoudoroff pathway both operate during growth on glucose and gluconate, and that in mutants lacking Entner-Doudoroff pathway activity the pentose shunt has the potential of supporting growth at a slower than normal rate. However, this potential is masked, since a mutational block in the Entner-Doudoroffpathway ordinarily prevents growth of P. cepacia on glucose or gluconate due to accumulation of 6PGA, KDPG, or both.
MATERALS AND METHODS Bacterial strains. P. cepacia (P. multivorans) strain 249 (ATCC 17616) was originally from the Berkeley collection (22 Growth of bacteria. The bacteria were grown in 50-ml batches of inorganic salts medium (10) supplemented with the indicated carbon source (usually at 0.5%, wt/vol). The cultures were shaken in 250-ml screw-cap Erlenmeyer flasks at 37C.
Mutant selection. The procedure for isolation of catabolic pathway mutants was essentially that described earlier (13) . The wild type was grown in inorganic salts medium containing 0.5% (wt/vol) Lthreonine and then treated with N-methyl-N'-nitro-Nnitrosoguanidine (200 ,Lg/ml) for 20 min at 37°C. For selection of Edd-mutants, the bacteria were collected by centrifugation and transferred to medium containing 0.5% citrate as the sole carbon source. Appropriate dilutions of overnight cultures were plated to medium containing excess gluconate or fructose (0.5%) and a growth-limiting concentration of pyruvate (0.02%). After 2 days of incubation at 37°C, smaller than normal colonies were picked and screened for inability to utilize gluconate and fructose. Mutants unable to utilize these carbon sources were grown in medium containing 0.5% glycerol and tested for 6PGA dehydratase (EC 4.2.1.12) deficiency.
For selection of Eda-strains, the nitrosoguanidinetreated bacteria were grown in inorganic salts medium containing 1% Casamino Acids and then transferred to the same medium supplemented with 0.5% gluconate and 300 pg of D-cycloserine per ml and incubated for 4 to 6 h. Any bacteria competent to grow in this medium were lysed by the action of D-cycloserine (13) . We have observed that P. cepacia is most susceptible to D-cycloserine-mediated lysis when the bacteria are grown in the presence of L-hydroxyamino acids (or Casamino Acids). Growth in the presence of hydroxyamino acids presumably increases the capability of the bacteria to take up D-cycloserine. In the above selection, mutants whose growth was inhibited by gluconate (Eda-strains) were protected against lysis.
Bacteria surviving the treatment with D-cycloserine in the presence of gluconate were transferred to Casamino Acids medium without gluconate. Ovemight cultures were diluted and plated to solid medium containing 1% Casamino Acids and 0.01% gluconate. After 2 days of incubation at 37°C, small colonies were picked and examined for capacity to grow on inorganic salts medium containing 0.5% citrate with and without 0.5% gluconate. Isolates which failed to grow in the presence of gluconate were tested for KDPG aldolase (EC 4.1.2.14) deficiency.
Preparation of cell extracts. Bacteria from 50-ml cultures were collected by centrifugation and disrupted by sonic treatment in 5 ml of 20 mM phosphate buffer, pH 6.8, essentially as reported earlier (14) . The disrupted cell suspensions were clarified by centrifugation at 12,000 x g for 10 min, and the supernatant fractions were used for enzyme assays.
Enzyme assays. All enzyme activities are expressed in terms of nanomoles of product formed per minute per milligram of protein. Protein was measured by the procedure of Lowry et al. (15) .
6PGAD was determined by measuring 6PGA-dependent reduction of pyridine nucleotide at 24°C as reported earlier (14) . The assay mixtures contained 5 mM 6PGA, 0.5 mM concentrations of the appropriate pyridine nucleotide, and 200 mM Tris-hydrochloride buffer, pH 8.5.
The overall activity of the Entner-Doudoroff enzymes 6PGA dehydratase and KDPG aldolase were determined by measuring 6PGA-dependent formation of pyruvate, which was determined colorimetrically as its dinitrophenylhydrazone (13) . The assay mixtures (0.5 ml) contained 5 mM 6PGA, 10 mM MgSO4, and 200 mM Tris-hydrochloride buffer, pH 7.2. After incubation for 30 min at 30°C, the reactions were terminated by addition of 0.5 ml of 0.5 N HCl containing 0.02% (wt/vol) dinitrophenylhydrazine. After an additional 10 min of incubation at room temperature, 1 ml of 2 N NaOH was added, and the absorbance at 450 nm was determined.
The above assay procedure underestimates the level of KDPG aldolase, which is usually present in excess compared with 6PGA dehydratase. It measures the rate-limiting component in the pathway, 6PGA dehydratase. With the isolation of KDPG aldolase-deficient mutants of strain 249 described in this paper, we have been able to modify the procedure to obtain accurate estimates of the levels of KDPG aldolase in extracts of bacteria grown under different conditions. This was accomplished by supplementing the extracts to be assayed with an excess of 6PGA dehydratase (ca. 10-fold) from crude extracts of mutants devoid of KDPG aldolase. We also have confirmed that the standard assay provides an accurate estimate of 6PGA dehydratase activity by supplementing extracts of the wild type with KDPG aldolase (ca. 20-fold excess) from mutants devoid of the dehydratase.
We have been able to resolve crude extracts of the wild type by sucrose gradient centrifugation (14, 16) and locate peaks of 6PGA dehydratase or KDPG aldolase activity by using excess KDPG aldolase or 6PGA dehydratase from the appropriate mutants to complement these activities to form pyruvate from 6PGA. The respective molecular weight estimates for P. cepacia 6PGA dehydratase and KDPG aldolase were 65,000 and 130,000. Studies by W. A. Wood's group with P. fluorescens (P. putida) have shown that 6PGA dehydratase exhibits a requirement for divalent cations and is further activated by the presence of reduced glutathione (9, 18) . Omission of MgSO4 from assay mixtures containing crude extracts of gluconate-grown P. cepacia 249 and excess KDPG aldolase from an Edd-mutant resulted in a decrease in 6PGA dehydratase activity of approximately 50%o. Supplementation of our standard assay mixtures with reduced glutathione or 2-mercaptoethanol (each at 10 mM) failed to increase activity. Under our standard conditions of assay (i.e., in the presence of magnesium ions), the concentration of 6PGA giving half-maximal activity of 6PGA dehydratase was 0.3 mM.
A gift of KDPG from W. A. Wood permitted us to confirm that our putative Eda-mutant were devoid of KDPG aldolase and that the Edd-mutants possessed higher than normal levels of this activity when grown on glycerol. In these experiments, the formation of pyruvate from KDPG was measured in assay mixtures containing 1 mM KDPG, 10 mM MgSO4, and 200 mM Tris-hydrochloride buffer, pH. 7.2.
Chemicals. All chemicals were of reagent grade. (3, 20, 21, 23) , P. cepacia 249 possesses high levels of 6PGAD activity. This activity is associated with two isoenzymes: one of approximately 120,000 molecular weight which is specific for NADP and the other of approximately 80,000 molecular weight which is active with NAD as well as NADP (10, 14) . We determined the levels of 6PGAD activity in extracts of pseudomonads closely related to P. cepacia. When gluconategrown cultures of P. pickettii K1515, P. caryophylli 115, P. solanacearum K60, and P. marginata 106 were examined, only P. marginata had levels of 6PGAD comparable to those of P. cepacia. The respective NAD-and NADPlinked activities were equivalent to 39 and 64 nmol of reduced pyridine nucleotide formed per min per mg of protein.
The comparable values for P. cepacia were 43 and 85. For P picketti, P. caryophylli, and P. solanacearum, both values were less than 5. When crude extracts of gluconate-grown P. marginata were resolved on sucrose gradients, the 6PGAD activity was found to comprise two species similar in size and pyridine nucleotide specificity to those of P. cepacia (results not shown). Although the aforementioned pseudomonads differed in their content of 6PGAD, they all possessed high levels of Entner-Doudoroff pathway enzyme activity (results not shown).
Inducton of Entner-Doudoroff pathway enzymes In P. cepacia. Both 6PGA dehydratase and KDPG aldolase were inducible enzymes in P. cepacia. Table 1 , is also consistent with this conclusion. The simplest interpretation is that 6PGA is the physiological inducer of the Entner-Doudoroff pathway enzymes. As discussed below, studies of Edd-mutants suggest that KDPG is not likely to be the inducer of the Enter-Doudoroff pathway enzymes.
Mutants deficient In Entner-Doudoroff pathway enzymes. Mutants deficient in the first Entner-Doudoroff pathway enzyme, 6PGA dehydratase, were obtained by screening for bacteria unable to utilize gluconate or fructose. In our hands this procedure failed to yield any KDPG aldolase-deficient strains. KDPG is known to be highly toxic for E. coli when it accumulates intracellularly (5). One such condition is growth of a KDPG aldolase-deficient strain in the presence of gluconate. We considered that this would also be the case in P. cepacia and used as our strategy to obtain KDPG aldolase-deficient strains the selection of derivatives that exhibited sensitivity to glucose or gluconate when grown in medium containing Casamino Acids as carbon source. This approach has yielded several KDPG aldolase-deficient strains of P. cepacia. Table 2 compares the 6PGA dehydratase and KDPG aldolase levels of Edd-and Eda-strains of P. cepacia with those of the wild type. Data for the mutants are presented in terms of relative specific activity compared with the wild type grown under comparable conditions. Since it was not possible to grow the mutants on gluconate, we grew them with glycerol as the sole carbon source, a condition under which 6PGA dehydratase and KDPG aldolase were induced in the wild type even though, as described below, these enzymes were not essential for growth on glycerol. The residual activities of 6PGA dehydratase in the representative Eddstrain 249-87 and of KDPG aldolase in the representative Eda-strain 249-27 were less than 1% of the wild-type levels of these enzymes. It should be noted that when grown on glycerol, the Edd-and Eda-mutants had much higher levels of the remaining Entner-Doudoroff pathway enzyme than did the wild type. The levels of 6PGA dehydratase were between 3-and 4-fold higher in the KDPG aldolase deficient mutant 249-27 than in strain 249, and the levels of KDPG aldolase were over 30-fold higher in the 6PGA dehydratase deficient mutant, 249-87, than in strain 249. This represented hyperinduction of each enzyme, since mutants formed no higher than the normal basal levels of these enzymes when they were grown on Casamino Acids (results not shown). At present we have no explanation for this phenomenon.
The 6PGAD active with NAD is induced by gluconate, but not by alternate carbon sources such as glycerol (10) . To ascertain that the Eddand Eda-mutants were competent to form this enzyme, the bacteria were grown overnight in medium containing 0.5% Casamino Acids as the carbon source and then supplemented with 0.5% sodium gluconate for an additional 5 h before harvesting. aldolase in their dissimilation. This was also true in the case of induction of both 6PGA dehydratase and KDPG aldolase in bacteria grown on glycerol, since both Edd-and Eda-strains grew at near normal rates on glycerol; the respective generation times for strains 249, 249-87, and 249-27 were 205, 250, and 305 min. The representative Eda-strain 249-27 grew normally on glucuronate, consistent with the observation that glucuronate failed to induced KDPG aldolase and was therefore unlikely to depend on this enzyme for its degradation. Unusual gluconate-positive revertants of Eddmutants. The finding that mutant strains deficient in either 6PGA dehydratase of KDPG aldolase were unable to utilize glucose or gluconate was unexpected since we anticipated that the pentose shunt would still operate and support growth, albeit at a slower than normal rate. The failure of the mutant strains to grow slowly on gluconate suggests two possibilities: (i) that the pentose shunt cannot by itself support growth; or (ii) that it does have this potential but, due to the block in the Entner-Doudoroff route, toxic levels of 6PGA, KDPG, or both accumulate. This presumes that the wild-type level of 6PGAD is insufficient to prevent such accumulation and that the bacteria cannot further increase 6PGAD formation without a mutation.
That the second alternative may be the case is suggested by the properties of an unusual gluconate-positive revertant of the Edd-strain 249-87, which we have designated 249-87-1. Table 2 shows data on the levels of enzymes related to gluconate dissimilation in this strain. We obtained a variety of gluconate-positive revertants of strain 249-87, most of which were restored to normal levels of 6PGA dehydratase (results not shown). Strain 87-1 differed from these in that it still lacked activity of 6PGA dehydratase and grew less rapidly on gluconate than did the wild type (mean generation time of 450 min versus 95 min for the wild type). The interesting feature of this strain was that it possessed higher than normal levels of 6PGAD activity when grown on gluconate. The basal levels of 6PGAD activity in strain 87-1 grown on citrate or Casamino Acids were normal (data not shown). Examination of the distribution of 6PGAD activity after chromatographic resolution of crude extracts of strain 87-1 on a cellulose phosphate column (14) indicated the increase in activity was associated primarily with the isoenzyme active with NAD (results not shown). The corresponding elevation in the level of NADP-linked 6PGAD activity was also associated with increased formation of the 80,000-molecular-weight enzyme (this species is active with both NAD and NADP, whereas the 120,000-molecular-weight enzyme is high-ly specific for NADP). Results similar to those with strain 87-1 were also obtained for a gluconate-positive revertant of another Edd-strain 249-26-1, which we have designated 26-1-1 (results not shown). The Edd-strain 26-1 was originally derived from strain 249-26, a mutant unable to utilize ribitol, but possessing normal 6PGA dehydratase activity. The behavior of strains 87-1 and 26-1-1 suggests that, if the levels of 6PGAD exceed a threshold level above which accumulation of toxic levels of 6PGA is prevented then P. cepacia can grow despite a block in the Entner-Doudoroff pathway by utilizing the pentose shunt.
It should be noted that when strain 87-1 was grown on gluconate, extracts of the bacteria had high levels of KDPG aldolase (see Table 2 ). Since this strain is still blocked in the conversion of 6PGA to KDPG, it appears KDPG is not required for induction of KDPG aldolase and that the physiological inducer of this enzyme is probably 6PGA. Figure 1 is a schematic of the routes of glucose catabolism in P. cepacia. Prominent among the differences between it and that typically seen for other pseudomonads is the presence of multiple forms of glucose-6-phosphate dehydrogenase and of 6PGAD with different pyridine nucleotide specificity (10, 14) . closely related species P. marginata, the presence in P. cepacia of levels of 6PGAD equivalent to those of 6PGA dehydratase is unique among pseudomonads, suggesting a more prominent role of the pentose shunt in P. cepacia and P. marginata than has been proposed for other Pseudomonas species (3, 20, 21, 23, 24) .
DISCUSSION
In this context, the fact that Edd-and Edamutants of P. cepacia failed to utilize glucose, gluconate, fructose, and related carbohydrates was paradoxical. We now feel that the inability of the mutants to utilize these substrates is due to accumulation and toxicity of 6PGA, KDPG, or both and not to failure of the pentose shunt to operate. This conclusion is based largely on the growth response of Edd-GndR-mutants 87-1 and 26-1-1. These mutants are still 6PGA dehydratase deficient but are hyperinduced with respect to formation of 6PGAD in the presence of gluconate and able to utilize gluconate as the sole carbon and energy source. Our interpretation of the behavior of these strains is that the observed hyperinduction of 6PGAD prevents the intracellular accumulation of 6PGA which would otherwise inhibit growth on carbon sources such as gluconate, whose dissimilation yields significant amounts of this potentially toxic catabolite.
We expect to be able to confirm that the pentose shunt operates in wild-type P. cepacia by following the distribution of label from [1- C]glucose into alanine as carried out by Fraenkel and Levisohn in their studies of carbohydrate utilization pathways in E. coli (6) . If only the Entner-Doudoroff pathway were to operate, alanine (from pyruvate derived via this route) would have a specific activity half that of glucose. To the extent that triose is derived from the pentose shunt rather than from the EntnerDoudoroff pathway, the specific activity should decrease below this value, reflecting dilution by unlabeled pyruvate formed from pentose. In the case of strain 87-1, we predict that alanine formed during growth of the mutant on [1- 14C]glucose would not be significantly labeled.
In this strain, the only significant metabolism of glucose should be via the pentose shunt, with release of label as CO2 in the conversion of 6PGA to ribulose-5-phosphate.
The induction of 6PGA dehydratase and KDPG aldolase in P. cepacia differed in several respects from that reported for E. coli (4, 6), P. fluorescens (20) , and P. putida (23) and was similar to that in P. aeruginosa (3, 19) . In E. coli and P. fluorescens, KDPG aldolase appears to be formed constitutively, whereas it clearly is an inducible enzyme in P. cepacia, as it is in P. putida and P. aeruginosa. Gluconate, which seems to be the inducer of 6PGA dehydratase in E. coli, P. fluorescens, and P. putida, was VOL. 150, 1982 on October 19, 2017 by guest http://jb.asm.org/ clearly not the physiological inducer of this enzyme in P. cepacia. In P. cepacia gluconate is an inducer of both gluconate dehydrogenase and of the 6PGAD active with NAD (T. R. Berka, P. Allenza, and T. G. Lessie, Abstr. Annu. Meet. Am. Soc. Microbiol. 1981, Kit, p. 139). These enzymes were not induced during growth of P. cepacia on substrates such as fructose and ribitol, which do elicit formation of both 6PGA dehydratase and KDPG aldolase. A similar pattern of enzyme induction was observed during growth of glucose dehydrogenase (Gcd-) mutants on glucose. These strains cannot convert glucose to gluconate and rely entirely on the phosphorylative route for glucose utilization. The results are consistent with the idea that in P. cepacia 6PGA is the physiological inducer of the two Entner-Doudoroff pathway enzymes, as has been suggested for P. aeruginosa (19) . In this context it should be noted that mutant studies of Kornberg and Soutar (8) suggested that under certain conditions 6PGA can serve as an inducer of Entner-Doudoroff pathway enzymes in E. coli. The fact that P. cepacia strain 87-1, the gluconate-positive derivative of Edd-strain 249-87, was hyperinduced for KDPG aldolase formation when grown on gluconate suggests that 6PGA rather than KDPG is the physiological inducer of KDPG aldolase.
Although both 6PGA dehydratase and KDPG aldolase were induced during growth ofP. cepacia on glycerol, these enzymes were not required for its utilization as a carbon and energy source. Both Edd-and Eda-mutants grew at a near normal rate on glycerol. Gratuitous induction of Entner-Doudoroff pathway enzymes in the presence of glycerol also has been observed in P. aeruginosa and most likely depends on formation of 6PGA via gluconeogenesis (7, 11, 17) .
